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Results-The average estimated macular RGC count in glaucomatous eyes was 306,010 ± 109,449 cells, which was significantly lower than the estimate of 520,678 ± 106,843 cells in healthy eyes (P < 0.001). Glaucomatous eyes had 41% fewer estimated macular RGCs than healthy eyes and suspects 21% fewer. There was strong correlation between estimated macular RGC counts and mGCIPL thickness (R 2 = 0.67; P < 0.001). Macular RGC counts performed better than average mGCIPL thickness in discriminating healthy and glaucomatous eyes with receiver operating characteristic (ROC) curve areas of 0.873 and 0.775, respectively (P = 0.015).
Conclusions-The strong association between estimated macular RGC counts and mGCIPL thickness and the better diagnostic performance of the macular RGC counts compared to mGCIPL thickness provides further evidence that estimates of RGC number from cpRNFL thickness and SAP sensitivity can be used to assess neural losses in glaucoma.
Glaucoma is characterized by dysfunction and loss of retinal ganglion cells (RGCs), with resultant structural changes to the optic nerve head, retinal nerve fiber layer (RNFL) and ganglion cell-inner plexiform layer, and loss of visual field. (1) The goal of glaucoma management is to slow down the rate of progressive neural losses and to preserve visual function. As the macula has the highest density of RGCs, (2, 3) macular imaging may be a valuable method of assessing neural damage in glaucoma. In fact, approximately 50% of RGCs are located within 4.5 mm (16-degrees) of the foveal center, a region that comprises only 7.3% of the total retinal area. (4) Furthermore, the macula is vital for central vision and therefore loss of macular RGCs is likely to be of particular importance for vision-related quality of life. Although it has long been recognized that glaucomatous damage also affects the macula, evaluation of structural changes in glaucoma has primarily focused on the optic disc and circumpapillary region. (5) (6) (7) (8) Using optical coherence tomography (OCT) it is now possible to obtain objective measurements of macular structures, including the ganglion cell layer, which is the location of ganglion cell bodies. (9) Loss of retinal thickness can be used as a surrogate for loss of RGC axons and cell bodies. (8, (10) (11) (12) (13) (14) (15) Devices such as Cirrus HDOCT provide a means to quantify thickness of individual retinal layers. Recent studies have shown that the macular ganglion cell complex (mGCC) thickness, which includes the macular RNFL, ganglion cell layer and inner plexiform layer has good diagnostic accuracy for glaucoma. (16) (17) (18) The Cirrus HDOCT also includes a ganglion cell analysis algorithm that is able to detect and measure the thickness of the macular ganglion cell inner plexiform layer (mGCIPL) with excellent reproducibility. (19, 20) However, unlike the mGCC, the mGCIPL analysis does not include the RNFL and, therefore, is more likely to reflect the actual number of RGC bodies. Mwanza and colleagues recently reported that mGCIPL measurements had similar ability to detect glaucoma compared to circumpapillary RNFL thickness measurements (cpRNFL). (20) Even though mGCIPL measurements may better reflect RGC counts, no study has yet evaluated the relationship between this parameter and the number of macular RGCs in vivo. Although the direct quantification of RGCs is not yet possible in vivo, empirical formulas derived from experimental studies in non-human primates, and validated in human cohorts, may be used to estimate the number of RGCs from cpRNFL thickness measurements and standard automated perimetry (SAP) sensitivities. (21) (22) (23) (24) Medeiros and colleagues proposed a method of combining RGC estimates from structural and functional measures and the combined RGC estimates have been shown to perform significantly better than isolated structural and functional parameters for staging glaucoma and monitoring progression. (23, 25, 26) The purpose of this study was to evaluate the relationship between OCT-derived measurements of macular thickness, specifically the mGCIPL, and the estimated number of macular RGCs in healthy, suspect and glaucomatous eyes. We also compared the ability of mGCIPL thickness and estimated number of RGCs to differentiate healthy and glaucomatous eyes.
METHODS
This was a cross-sectional observational study of participants from the Diagnostic Innovations in Glaucoma Study (DIGS) at the University of California San Diego (UCSD). The DIGS is a prospective longitudinal study designed to evaluate optic nerve structure and visual function in glaucoma. All participants provided written informed consent, and the institutional review board and human subjects committee at UCSD prospectively approved all methods. All study methods adhered to the tenets of the Declaration of Helsinki for research involving human subjects and the study was conducted in accordance with the regulations of the Health Insurance Portability and Accountability Act. Methodological details have previously been described in detail. (27) At each visit subjects underwent a comprehensive ophthalmologic examination including review of medical history, best-corrected visual acuity, slit-lamp biomicroscopy, measurement of intraocular pressure (IOP), dilated fundoscopic examination, stereoscopic optic disc photography, and automated perimetry using the Swedish interactive threshold algorithm (SITA Standard testing algorithm 24-2). Subjects were excluded if they presented with a best-corrected visual acuity < 20/40, spherical refraction outside ± 5.0 diopters, and/or cylinder correction outside 3.0 diopters, or any other ocular or systemic disease that could affect the optic nerve or the visual field. Only subjects with open angles on gonioscopy were included.
The study included 390 eyes of 224 participants. There were 77 healthy eyes, 154 eyes with suspected glaucoma and 159 eyes with glaucoma. Glaucoma was diagnosed based on the presence of repeatable (≥ 3 consecutive) abnormal SAP test results on the 24-2 program of the visual field (Humphrey Field Analyzer [HFA II-i]; Carl Zeiss Meditec, Inc., Dublin, CA) or if progressive glaucomatous optic disc changes were noted on masked examination of stereophotographs, regardless of the results of SAP. Optic disc stereophotographs were graded at UCSD Optic Disc Reading Center, details of which have been provided elsewhere. (27) (28) (29) For the purposes of this study we defined an abnormal SAP result as one with a pattern standard deviation (PSD) outside the 95% confidence limits or a glaucoma hemifield test result outside the reference range. Eyes were deemed to have suspect glaucoma if the optic disc appearance was suspicious of glaucoma on masked stereophotograph assessment but there was no repeatable SAP abnormality. A suspicious optic disc appearance was defined by the presence of neuroretinal rim thinning or RNFL defects. Glaucoma suspects also included eyes with IOP > 21 mm Hg, but with healthy appearing optic discs and without repeatable abnormal SAP results. Healthy subjects were recruited from the general population through advertisements and from the staff and employees of the University of California, San Diego. Healthy eyes were recruited from the general population and had IOP ≤ 21 mmHg, with no history of increased IOP.
Optical Coherence Tomography
The Cirrus HDOCT (software version 6.5; Carl Zeiss Meditec, Inc. Dublin, CA) was used to acquire cpRNFL and mGCIPL measurements. This device has been described in detail previously. (26) cpRNFL thickness measurements were acquired using the optic disc cube 200 × 200 protocol. This protocol utilizes a 3-dimensional (3D) scan of a 6 × 6 mm area centered on the optic disc. Average cpRNFL thickness is then automatically calculated from a 3.46-mm diameter circular scan (10,870 µm in length) placed around the optic disc. The macular cube 200 × 200 protocol was used to acquire macular thickness data. This protocol is based on a 3-dimensional scan centered on the macula in which information from a 1024 (depth) × 200 × 200 point parallelepiped is collected. The ganglion cell analysis algorithm automatically segmented the GCIPL based on three-dimensional data generated from the macular cube scan protocol. The algorithm automatically segmented the outer boundary of RNFL and the outer boundary of IPL at the macular region; this segmented layer yielded GCIPL thickness. A detailed description of the algorithm has been previously presented. (19, 30) The Cirrus HDOCT images were reviewed and included if the signal strength was >7, if movement artifacts and segmentation errors were absent, and there was good centering on the optic disc or fovea for the optic disc and macular cube protocols, respectively.
Standard Automated Perimetry
All patients underwent SAP testing using the SITA Standard 24-2 strategy within 6 months of HDOCT. All visual fields evaluated by the UCSD Visual Field Assessment Center (VisFACT). (31) Fields with more than 33% fixation losses or false-negative errors, or more than 15% false-positive errors, were excluded. The only exception was the inclusion of tests with false-negative errors of more than 33% in the presence of advanced disease. Visual fields exhibiting a learning effect were also excluded. A learning effect was defined as initial tests showing consistent improvement on visual field indices. Visual fields were further reviewed for artifacts including eyelid and rim artifacts, fatigue effects, inappropriate fixation, and evidence that the visual field results were caused by a disease other than glaucoma and inattention. The UCSD Visual Field Assessment Center requested repeats of unreliable visual field test results, and these were obtained whenever possible.
Estimation of Macular Retinal Ganglion Cell Number
Numbers of retinal ganglion cells were estimated using the model described by Medeiros and colleagues (22) (23) (24) which is based on empirical formulas developed by Harwerth and colleagues (21) for estimating RGC counts from SAP and OCT. The formulas were derived from experimental research in monkeys and subsequently translated to human eyes. Using these formulas it is possible to use information from both structural and functional tests to derive a final combined estimate of the RGC count in a particular eye. The details of the model and the empirical formulas used to derive RGC counts have been described in detail previously. (22) (23) (24) In brief, the number of RGC somas in an area of the retina corresponding to a specific SAP test field location at eccentricity ec with sensitivity s in dB was estimated using the formulas below, where m and b represent the slope and intercept respectively of the linear function relating ganglion cell quantity (gc) in dB to the visual field sensitivity (s) in dB at a given eccentricity.: The SAP-derived estimate of the total number of RGCs (SAPrgc) was calculated by considering the cell density derived from each perimetry measurement to be uniform over an area of retina corresponding to the 6 × 6 degree area of visual space that separates test locations in SAP. SAPrgc incorporated information from each test location of the 24-2 visual field. However, for the purposes of the present study we were also interested in estimating macula RGC counts. To estimate the number of RGCs located in the macula from SAP (macular SAPrgc) we summed the RGC estimates from the central 16 points of the 24-2 SAP test, test locations representing the central 10-degrees ( Figure 1A ).
The structural part of the model consisted of estimating the number of RGC axons from cpRNFL thickness measurements obtained by OCT. The model took into account the effect of aging on axonal density and the effect of disease severity on the relationship between neuronal and non-neuronal components of the RNFL. The method of estimating total RGC counts from OCT has been described previously. (22) (23) (24) To obtain an estimate of the number of macular RGCs (macular OCTrgc), we calculated the average cpRNFL thickness in the temporal, superotemporal and inferotemporal regions that likely correspond to region of RGC axons emanating from RGCs in the macular region ( Figure 1B ). (9) The following formulas were applied: In the above formulas, d corresponds to the axonal density (axons/µm 2 ) and c is a correction factor for the severity of disease to take into account remodeling of the RNFL axonal and non-axonal composition. Macular total deviation (TD) is the average TD in decibels of the 24-2 SAP test points corresponding to the central 10 degrees.
In summary, the above formulas provide a means to estimate of the number of total and macular RGCs from two sources, one functional and one structural. A combined estimation of total RGC counts was performed according to the following formula previously described by Medeiros and colleagues (22) (23) (24) :
Estimated total RGC count = (1 + MD/30)* OCTrgc +(− MD/30)* SAPrgc Estimated macular RGC counts were similarly calculated using macular OCTrgc, macular SAPrgc estimates and macular TD. The rationale for using a weighting system for deriving the final RGC count has been described previously but in essence it relies on the fact that the accuracies of clinical perimetry and imaging tests are inversely related to disease severity. (22) (23) (24) 
Statistical Analysis
Normality assumption was assessed by inspection of histograms and using Shapiro-Wilk tests. Student t-tests were used for group comparison for normally distributed variables and Wilcoxon rank-sum test for continuous non-normal variables. The relationship between estimated macular RGC counts and average mGCIPL thickness was initially examined using scatterplots. Linear regression was then used to examine the relationship between estimated macular RGC counts and average mGCIPL thickness. As observations from two eyes of the same subject are likely to be correlated, a between-cluster variance estimator was used in the regression analysis to account for correlations between eyes of the same subject and calculate robust variance estimates. (32) To evaluate the ability of the parameters to differentiate between controls and glaucomatous eyes, area under the ROC curves (AUC) was used to summarize diagnostic accuracy. A ROC curve is a plot of the true-positive rate versus the false-positive rate for all possible cut-points. A ROC curve area of 1 represents perfect discrimination, whereas an area of 0.5 represents chance discrimination. The ROC curve areas and 95% confidence intervals were obtained for each parameter after adjusting for age, using a previously described method. (33, 34) All statistical analyses were performed with commercially available software (STATA, version 13; Stata Corp LP, College Station, TX). The alpha level (type I error) was set at 0.05.
RESULTS
The mean (± standard deviation) age of participants was 64.7 ± 15.6 years, however, the healthy participants were significantly younger than those with glaucoma and suspected glaucoma (P < 0.001 for both comparisons). 145 of 224 subjects (64.7%) were of European descent and 63 of 224 subjects (28.1%) were of African descent. 117 of 224 subjects (52.2%) were female. The demographic and clinical characteristics, including the results of estimation of total RGC and macular RGC number are summarized in Table 1 . Eyes with glaucoma had significantly worse SAP mean deviation (MD) and thinner cpRNFL than healthy eyes (P<0.001 for both comparisons). Of the 159 glaucomatous eyes, 139 (87.4%) had repeatable (≥ 3 consecutive) abnormal SAP tests. The average SAP MD in glaucomatous eyes was −5.06 ± 5.43 dB. The average cpRNFL thickness was 95.03 ± 13.10 µm, 85.74 ± 13.38 µm and 71.92 ± 18.28 µm in healthy, suspect glaucoma and glaucoma, respectively (P <0.001). Eyes with glaucoma also had and significantly worse macular SAP TD (i.e., TD of the 16 macular SAP test locations) than healthy eyes (−0.51 dB versus −2.91 dB respectively, P<0.001). Average mGCIPL thicknesses were 81.40 ± 6.71 µm, 75.55 ± 7.17 µm and 67.98 ± 10.73µm in healthy, suspect glaucoma and glaucoma, respectively (P <0.001).
The average estimated number of macular RGCs in glaucomatous eyes was 306,010 ± 109,447 cells, which was significantly lower than the estimated count of 410,003 ± 83,887 cells in eyes with suspect glaucoma and 520,678 ± 106,843 cells in healthy eyes (P<0.001). The average total estimated number of RGCs was 1,042,019 ± 185,243 in healthy eyes, 812,458 ± 163,151 in eyes with suspect glaucoma and 570,433 ± 207,525 in eyes with glaucoma (Table 1) . Therefore in the estimated macular RGC count represented approximately 50% of the total estimated number of RGCs. Figure 2 shows the distribution of macular RGC and total RGC estimates in healthy, suspected glaucoma and glaucomatous eyes. Compared to the estimated number of macular RGCs in healthy eyes, eyes with glaucoma had on average 41% fewer macular RGCs and eyes with suspected glaucoma had on average 21% fewer macular RGCs. Glaucomatous eyes had 45% fewer estimated total RGCs than healthy eyes and suspects 22% fewer.
Average mGCIPL thickness measurements were strongly correlated with the estimated number of macular RGCs (R 2 = 0.67; P < 0.001) ( Figure 3A ). There was also strong correlation between mGCIPL thickness measurements and the estimated total number of RGCs (R 2 = 0.63; P < 0.001) ( Figure 3B ).
The macular RGC counts performed significantly better than the HDOCT average mGCIPL thickness parameter in discriminating glaucomatous from healthy eyes with age-adjusted ROC curve areas of 0.873 (95% CI 0.809 -0.922) versus 0.775 (95% CI 0.675 -0.858), respectively (P = 0.015) (Figure 4 ). For 95% specificity, macular RGC counts had a sensitivity of 72%. At the same specificity, HDOCT average mGCIPL thickness had a sensitivity of 54%. For 90% specificity, sensitivity of macular RGC counts increased to 76% versus 60% for HDOCT average mGCIPL thickness. 
DISCUSSION
OCT measurements of the thickness of the ganglion cell layer currently represent the best imaging estimate of the quantity of RGCs in the macular area. In the present study, we found a strong relationship between estimates of macular RGC counts and the OCT parameter mGCIPL (R 2 = 67%), which gives further support to the validity of the method used for estimating RGC counts. In addition, we showed that estimates of RGC counts actually performed better than isolated OCT macular measurements for diagnosing glaucoma, a result that may have significant implications for using these methods in detecting glaucomatous damage in clinical practice.
Although strong, the correlation between estimated RGC counts and mGCIPL was not perfect. This finding may have several explanations, such as measurement variability, variability among individuals in the position of the disc relative to the macula, and the fact that mGCIPL incorporates not only the thickness of the ganglion cell layer, but also that of the inner plexiform layer. Therefore, changes to the inner plexiform layer could influence mGCIPL thickness without translating into losses of RGCs. In addition, it is known that amacrine cells permeate the ganglion cell layer and, therefore, contribute to its thickness (35) (36) (37) in a way that is not directly relate to RGC counts.
In our study, healthy eyes had an average estimated total of 520,678 RGCs in the macular region, corresponding to approximately 50% of the total estimated count of 1,042,019 cells. This number is similar to those found in previous histological studies. For example, Curcio and colleagues reported that approximately 50% of RGCs are located within the macula, with RGC densities reaching 32,000-38,000 cells/mm 2 up to 2.0 mm from the center of the fovea. (4) Eyes with suspected glaucoma had significantly lower estimated RGC counts than healthy eyes for macular and total estimates. The average estimated RGC count in glaucoma suspects was 812,458 cells, with 410,003 RGC in the macular region, representing a reduction in estimated RGC count of 22.0% and 21.3% for total and macular regions respectively compared to healthy eyes. Eyes with glaucoma had even lower estimated numbers of RGCs. The average estimated macular RGC count in glaucoma was 306,010 cells which was approximately 41% lower than the estimated number found in healthy eyes. Interestingly, the estimated proportion of RGCs lost in the macula in glaucomatous compared to healthy eyes was similar to the estimated proportion of total RGCs lost (41% versus 45% fewer RGCs compared to healthy eyes for macular and total RGC estimates, respectively). This seems to indicate that glaucomatous damage affects both macular and extra-macular regions to a similar degree. Although eyes with glaucoma had large estimated macular RGC losses, the average loss of SAP sensitivity in this region was only -2.9 dB. This observation seems to be in agreement with previous studies indicating that large numbers of RGCs may need to be lost before statistically significant abnormalities are detectable on SAP. (21, 26, 38) This is likely to be particularly relevant in the macula where the density of RGCs is high.
The combined structure-function estimate of macular RGC numbers had better ability to distinguish healthy and glaucomatous eyes than isolated mGCIPL thickness with ageadjusted AUCs of 0.873 and 0.775, respectively (P = 0.015). However, despite the good diagnostic ability of macular RGC counts, the best performing parameter for discriminating glaucomatous from healthy eyes was the total estimated number of RGCs, which had an AUC of 0.932. The lower diagnostic ability of macular parameters is to be expected as macular analysis is based on sampling of only 50% of the RGC population. In contrast, cpRNFL measurements include axons from the entire retina and therefore could detect glaucomatous changes in non-macular locations.
Although not all RGCs are located in the macula, it is an attractive region for imaging in glaucoma due to its importance for central vision and its relative consistent structure between individuals. (19) Macular measurements may be less affected by non-neural structures such as blood vessels than the cpRNFL and, therefore, less prone to segmentation software failures during OCT imaging. The macula may also be affected in early glaucoma, and some previous studies have indicated macular thickness measurements to have similar ability as cpRNFL to detect glaucoma. (20, 39) A recent study, however, has shown that when macular ganglion cell complex thickness is used to detect preperimetric glaucoma it performs less well than cpRNFL thickness. (40) Lisboa and colleagues reported AUCs of 0.79 and 0.89 for macular ganglion cell complex and cpRNFL average thickness values, respectively. (40) It is also possible that differences in the location of glaucomatous damage may have led to differences in results, with macular measurements likely to be a good diagnostic marker in eyes with macular damage, while performing less well in eyes with only extra-macular damage. Nevertheless, our study indicates that by combining structural and functional information using the common metric of RGC counts it is possible to provide a more sensitive marker for the presence of macular damage. It is possible, however, that the incorporation of functional information derived from visual fields using 10-2 pattern of stimuli could potentially improve the characterization of macular damage, as this test evaluates a much larger number of points in the macular area compared to the 24-2 test. Future studies should investigate whether the use of 10-2 fields combined with structural info improves on the detection of macular damage obtained with the methods presented in this study.
The relationship between SAP sensitivity and mGCIPL thickness (and underlying numbers of RGCs) may be affected by changes in spatial summation. (41) (42) (43) If the area of a perimetric test stimulus is smaller than a critical area (Ricco's area), the sensitivity threshold is determined by complete spatial summation. In contrast, if the stimulus is larger than Ricco's area, probability summation occurs. (41) Ricco's area enlarges with increasing eccentricity and in the healthy eye, using the Goldmann size III stimulus, spatial summation is complete only at retinal eccentricities of greater than approximately 15 degrees. Therefore in the healthy macula spatial summation is incomplete with the result that the relationship between RGC density and SAP sensitivity thresholds is shallower in the macula than in more peripheral regions. (41, 43) Further studies are need to examine the effect of changes in the area of spatial summation on the relationship between SAP sensitivity and mGCIPL thickness, particularly as in glaucoma loss of RGCs may cause enlargement of the area of complete summation. (41) This present study has limitations. We used empirically derived formulas to estimate the number of macular RGCs. Although these estimates have been validated in histologic studies in monkeys and also have been applied to multiple external cohorts in humans, (21) such validation was not based on direct histologic RGC counts in humans. However, this limitation applies to most measurements obtained in clinical practice from imaging devices and other instruments and the formulas have been validated in multiple external human cohorts. (22) (23) (24) 44) A further limitation is that although the temporal cpRNFL thickness was used for the structural component of the macular RGC estimate, the exact location of the axons from macular RGCs is not known and may vary between individuals. Furthermore, although the ONH and macular scans were acquired sequentially, and scans were reviewed by the imaging center, there may have been small undetected differences in patient head or eye position that could have influenced measurements. Future improvements in scan acquisition and processing technology such as Fovea-Bruch's Membrane Opening (fovea-BMO) alignment may help improve the correlation between cpRNFL and mGCIPL measurements. (45) Another limitation of our study is related to the difficulty in applying a proper reference standard when evaluating the diagnostic accuracy of a combined structure and function method. We attempted to overcome this limitation by including as glaucomatous eyes those that had visual field defects, as well as those with evidence of progressive optic disc damage on photographs, regardless of field results. Such classification represents currently acceptable clinical standards in the diagnosis of glaucoma, which the combined metric wants to mimic. Healthy eyes were selected from the general population, without history of elevated IOP, but visual fields or optic nerve assessment were not used for classification, in order to avoid potential bias.
Although in the present study, patients with suspected glaucoma and glaucoma were older than healthy subjects, this is unlikely to have had a significant impact on the study conclusions. Previous studies have shown that RGC loss occurs with normal aging, however, the estimated rate is relatively slow and therefore would not account for the large differences in RGC estimates between groups. (24, 38) Furthermore differences in age between groups were corrected for in the ROC regression models examining diagnostic ability of each parameter.
In conclusion, this study demonstrates a strong relationship between mGCIPL thickness and estimates of macular RGC count, which provides further evidence that estimates of RGC count can be used to assess neural losses in glaucoma. Moreover the accuracy of estimates of neuronal loss was enhanced by combining information from structural and functional domains, with stronger correlation between RGC estimates and mGCIPL thickness than between isolated measures of structure and function and mGCIPL thickness. Boxplot illustrating the distribution of estimated number of macular retinal ganglion cells and total number of retinal ganglion cells in healthy, glaucoma suspects and glaucomatous eyes. Receiver operating characteristic curves showing the ability of estimated number of macular retinal ganglion cells and the macular ganglion cell-inner plexiform layer (mGCIPL) thickness to differentiate glaucomatous and healthy eyes. Example of a healthy left eye of a 66-year-old subject showing macular ganglion cell-inner plexiform layer (mGCIPL) thickness, deviation and thickness sectors maps (A), circumpapillary retinal nerve fiber layer (cpRNFL) thickness, deviation maps and RNFL thickness sector map (B), and standard automated perimetry (SAP) results (C). The average mGCIPL thickness was 76 µm and the estimated numbers of total and macular retinal ganglion cells (RGCs) were 941,711 and 448,087 cells, respectively. Example of a glaucomatous left eye of 64-year-old subject showing macular ganglion cellinner plexiform layer (mGCIPL) thickness, deviation and thickness sectors maps (A), circumpapillary retinal nerve fiber layer (cpRNFL) thickness, deviation maps and thickness sectors maps (B), and standard automated perimetry (SAP) results (C). The mean mGCIPL thickness was 67 µm and the estimated numbers of total and macular retinal ganglion cells were 558,922 and 282,981 cells, respectively.
